There are proteins present in cells that directly inhibit the ability of infecting viral pathogens to replicate. Such intrinsic immune mechanisms are mediated by constitutively expressed cellular proteins, operate in both the cytoplasm and the nucleus, and represent one of the first lines of antiviral defenses in naive hosts [1] . To date, cell intrinsic defenses that inhibit the productive, lytic replication of retroviruses [1] and herpesviruses [2] [3] [4] have been described, and members from other viral classes are likely subject to similar immune measures as well. Intrinsic immune proteins that restrict the replication of herpesviruses belong to a class of factors that localize within the nucleus to dot-like structures arranged by the promyelocytic leukemia (PML) protein [5] termed PML-nuclear bodies (PML-NBs; also called ND10s because there are often approximately ten of these nuclear domains per cell) [6] . This review focuses on the antiviral, and perhaps proviral, activities of PML-NB proteins toward herpesviruses.
The eight human herpesviruses cause diseases that range from cold sores to cancers. They are divided into alpha, beta and gamma subfamilies based upon sequence, cellular tropism and the length of the replication cycle [7] . In addition to the productive, lytic replication that generates infectious viral progeny, herpesviruses also establish latent infections where few, if any, viral proteins are expressed and no viral progeny are produced. In latently infected cells, viral genomes are efficiently maintained in a quiescent state allowing for the lifelong colonization of the host. Periodic reactivation of latent viruses to produce infectious viral particles permits the virus to spread within and among hosts. The ability of herpesviruses to establish latency contributes to the host's failure to clear the infection by rendering infected cells undetectable to immune surveillance and resistant to antiviral drugs.
Herpesviruses have large (150-230 kb) linear DNA genomes protected in virions by both icosahedral capsids and lipid envelopes. Between the capsid and the envelope is a layer consisting mostly of viral proteins termed the tegument [7] . Upon viral entry, tegument proteins are delivered directly to cells and mediate the initial stages of infection, both in the cytoplasm and the nucleus. Tegument proteins are important for the initiation of viral gene expression after the viral genomes are delivered to the nucleus. These proteins stimulate expression of the immediate-early (IE) genes, the first viral genes to be expressed during lytic replication. The major viral IE proteins subsequently autoregulate their own expression, as well as activating the expression of the viral early genes involved in genome replication. The proteins produced from the IE transcripts commit the virus to a lytic replication cycle, so when latency is established, either the expression of the IE genes or the activities of their encoded proteins must be suppressed. This review will focus on how PML-NB and viral proteins regulate viral gene expression during lytic replication and the role they may play during latency for the prototypical members of the alphaherpesviruses (herpes simplex virus [HSV] 
type 1 [HSV-1]) and the betaherpesviruses (human cytomegalovirus [HCMV]).
Shortly after they enter the nucleus herpesviral genomes are found in association with PML-NBs The intranuclear sites where herpesviral DNA replication occurs are called replication factories or compartments. The observation of symmetrical patterns of replication factories in each nucleus of binucleated cells led to the conclusion that the spatial arrangement of an unidentified, but preexisting nuclear structure was conserved during nuclear division, with which herpesviral genomes specifically associated [8] . Subsequent experiments indicated that the structure in question was likely to be PML-NBs [9, 10] . PML-NBs appear as numerous small spots within the nucleus when their resident proteins are observed by indirect immunofluorescence microscopy. Three major constituent proteins of PML-NBs are the PML protein itself, which is required to maintain the PML-NB structure [5] , Sp100 [11] and Daxx [5] . All three of these proteins have the ability to activate and repress transcription [12] . Daxx also regulates apoptosis [13, 14] , and PML is implicated in many other processes, including the DNA damage and stress responses, apoptosis [15] , tumor suppression [16] and cellular senescence. The functions of PML-NBs and constituent proteins have been recently reviewed [17] [18] [19] [20] [21] .
Herpesviral genomes are found to be associated with PML-NBs in the absence of viral gene expression and at early times after infection [10, 22, 23] . Only HCMV genomes located near PML-NBs appeared to be transcriptionally active, leading to the hypothesis that PML-NBs represented positively acting, pre-existing, subnuclear sites that provided a structural environment conducive for viral gene expression [22] , and perhaps viral DNA replication as well. However, contrary evidence supported a completely opposite view, one in which PML-NBs are detrimental to viral infections. While the mRNAs encoding PML, Sp100 and Daxx are constitutively expressed, they are upregulated in response to the innate immune system agonist interferon [24] [25] [26] , implying that these proteins may play a role in cellular immunity to infecting pathogens. Furthermore, IE proteins from both HSV-1 and HCMV disrupt PML-NBs [27] [28] [29] , also implying that these structures may be detrimental to replicating viruses. Finally, an elegant series of experiments clearly demonstrated that PML-NBs found associated with herpesviral genomes do not represent pre-existing subnuclear sites, but are actually newly assembled structures built around infecting viral genomes [30] . This work argued that viral genomes do not migrate through the nucleus in search of preformed PML-NBs, but that PML-NB proteins relocalize to sites of deposited infecting viral genomes. However, the determination as to whether PML-NBs and their resident proteins antagonize or facilitate herpesviral replication required more direct experimental examination.
Several proteins that localize to PML-NBs repress the transcription of herpesvirus lytic phase genes & inhibit their productive replication cycles The observation that viruses encode proteins that disrupt PML-NB structures provided evidence that these domains may be inhibitory to viral infection. For example, the HSV-1 ICP0 protein is a ubiquitin ligase that induces the proteasomal degradation of PML and Sp100, leading to the disruption of PML-NBs [28, [31] [32] [33] . A reduction in viral replication occurred when wildtype ICP0 was either deleted [34] or replaced with point mutants that fail to disrupt PML-NBs [35] , indicating the importance of ICP0 and its ability to disrupt PML-NBs for HSV-1 infection. A similar growth defect occurred when the HCMV tegument protein pp71 was deleted [36] or its ability to interact with Daxx was disrupted [37] . Additional evidence demonstrated that pp71 induced the degradation of Daxx [2, 4] through an unusual proteasome dependent, ubiquitin independent manner [38] , but did not disrupt PML-NBs [2] . However, pp71-mediated Daxx degradation induces the expression of the viral IE1 protein [2, [39] [40] [41] [42] , and IE1 subsequently disrupts PML-NBs by altering the SUMOylation state of PML [27, 43, 44] and perhaps other proteins as well. As stated above, the fact that these herpesviral proteins degraded and disrupted PML-NBs implied, but did not demonstrate, that PML-NB proteins antagonize herpesviral infections. However, experiments in which PML-NB proteins were overexpressed [39, 45, 46] , or in which their levels were diminished by RNA interference [2] [3] [4] 39, 40, 47, 48] , indicated that they indeed inhibit herpesviral lytic replication because they repress the transcription of lytic phase genes (Figure 1) .
Knockdown of either PML or Sp100 individually or in combination increased viral lytic gene expression and replication of an ICP0-null mutant of HSV-1, but had no effect on wild-type virus [47, 48] . In addition, overexpression of Sp100 inhibited IE gene expression from wild-type future science group future science group www.futuremedicine.com HSV-1 infections [46] . HSV-1 replicated to slightly higher titers in mouse cells devoid of PML as compared with wild-type mouse cells, and this differential replication was magnified when cells were treated with exogenously added interferon prior to infection [49] . A report in which no effect of PML overexpression on HSV-1 replication was observed is difficult to interpret because of the inclusion of the histone deacetylase (HDAC) inhibitor sodium butyrate in those experiments [50] . For HCMV, knockdown of PML and Daxx, either alone or in combination, increased viral IE gene expression and replication of the wild-type virus, and increased IE gene expression in pp71-null or IE1-null mutants [2] [3] [4] 39, 40] . Overexpression of Daxx inhibited wild-type HCMV IE gene expression and replication [39, 45] . These experiments demonstrated that the constitutively expressed PML-NB proteins inhibit herpesviral gene expression and replication (Figure 1) , and therefore they have been described as mediators of an intrinsic immune defense against these viruses. These experiments also seem to indicate that the inhibitory effects are resident in the proteins themselves, not in the overall structure of the PML-NB, because in the absence of PML, proteins that normally localize to PML-NBs, such as Daxx and Sp100, are found diffusely scattered throughout the nucleus, but assemble into PML-NB-like structures around infecting viral genomes [3, 47, 48] .
While PML-NB proteins clearly repress the expression of HSV-1 and HCMV genes, the exact mechanism of how they do so is still unclear. For HCMV, the ability of PML-NBs to The effects of oe or kd of P, S, or D, or the inhibition of histone deacetylase on viral IE and E gene expression, or the completion of Rep are summarized. Conditions which increase gene expression are denoted in green (↑) and left-aligned; those which have no effect are black (↔) and centered; and those which decrease gene expression are right-aligned and in red (↓). Wild-type viruses and mutants are shown, which lack pp71 (HCMV Δ71), lack IE1 (CR208), lack ICP0 (HSV-1 ΔICP0), or contain nonfunctional VP16 (HSV-1 NF-VP16 [48, 52] while enhancing replication or reactivation in others, particularly neuronal cells [53] [54] [55] [56] . Thus, while ICP0 is thought to associate with and modify the function of cellular chromatin remodeling complexes that contain HDACs [57] [58] [59] [60] , it is evident that ICP0 may also possess additional mechanisms to alter viral gene expression. It is interesting that the knockdown of PML-NB proteins can enhance wild-type HCMV gene expression, but not wild-type HSV-1 gene expression. This may mean that HSV-1 ICP0 is more efficient at neutralizing PML-NB proteins than HCMV pp71 and IE1, or that PML-NB proteins play a more prominent role in controlling HCMV gene expression in comparison with HSV-1 gene expression. While both explanations may be palatable, the later prediction seems particularly salient as the initial activation of viral IE gene expression for these two viruses happens through very different mechanisms. For HCMV, IE gene expression is derepressed by the pp71-mediated degradation of Daxx [2] . For HSV-1, IE gene expression is activated by VP16 through the recruitment of components of the RNA polymerase II transcriptional machinery to viral IE promoters [61] [62] [63] [64] , and perhaps additionally by preventing cellular histones from associating with them [65] . Further amplification of IE gene expression and the initiation of early and late gene expression are more similar for these two viruses. HSV-1 IE genes (ICP4 and ICP0) further activate the expression of viral genes [64] . ICP4 activates viral gene expression by promoting the formation of preinitiation complexes at early and late promoters [66] [67] [68] [69] , but can also function to repress its own expression [64, [70] [71] [72] . ICP0 is a ubiquitin ligase that induces the proteasomal degradation of PML and Sp100 leading to the disruption of PML-NBs [28, [31] [32] [33] , disrupts HDAC complexes [58, 59] and changes the acetylation status, either directly or indirectly, of viral promoters [60] . The two major HCMV IE proteins, IE1 and IE2, also transactivate the expression of both cellular and viral genes through association with the basal transcription machinery [73, 74] . IE1 further disrupts PML-NBs that accumulate at the viral genome [3, 4, 27, 29, 43 ,44], inactivating any additional repressive effects of these domains on downstream viral gene expression. Both IE1 and IE2 bind to HDACs [51, 75] , potentially negating their repressive effects, although IE2's ability to bind HDAC1 and the major immediate-early promoter (MIEP) crs element allows for repression of its own expression [76] .
In summary, HSV-1 and HCMV use similar strategies to initiate lytic gene expression (Figure 2 ). Tegument-delivered proteins stimulate the expression of the IE proteins, which in turn amplify their own expression and activate the expression of other classes of viral genes. While the overall strategy is similar there are subtle, but important, differences. For HCMV, the inactivation of intrinsic defenses mediated by PML-NB proteins is critical for both of these steps. pp71 degrades Daxx to initiate IE gene expression, and IE1 inactivates PML to amplify IE gene expression and activate the expression of the viral early genes. To date, the need to inactivate PML-NB proteins appears to apply only to HSV-1 IE gene amplification and early gene expression mediated by ICP0, and not to the initiation of IE gene expression stimulated by VP16. In addition to HSV-1 and HCMV, PML-NB proteins affect other classes of viruses, which encode proteins that can bind to and/or affect the integrity of PML-NBs. A compilation of different viruses and their encoded gene products that target PML-NBs are summarized in Table 1 .
While they inhibit lytic replication, do PML-NB proteins facilitate herpesviral latency? Approaches using chemical HDAC inhibitors, RNA interference methodologies and protein overexpression systems have now clearly demonstrated that PML-NB proteins inhibit herpesvirus lytic phase gene expression and productive viral replication. Such experiments have led to the description of PML-NB proteins as cellular mediators of intrinsic immunity against HSV-1 and HCMV. In order to productively replicate, these viruses encode proteins that efficiently inactivate PML-NB-mediated intrinsic defenses. We noted that, while the silencing of lytic phase gene expression would inhibit the productive replication cycle of these viruses, such silencing is actually required for their ability to establish latentlyinfected cells. Thus it is possible that the same PML-NB-based mechanisms that would silence future science group future science group www.futuremedicine.com herpesviral gene expression at the start of lytic infections (unless they are neutralized by viral countermeasures) may also be used to silence gene expression when latency is established.
HCMV is thought to establish latency in undifferentiated cells of the myeloid lineage [77] [78] [79] [80] . In particular, CD34 + hematopoeitic progenitor cells are becoming the model system of choice for HCMV latency studies [81] [82] [83] [84] [85] . Latent viral genomes can be detected in and reactivated in vitro from CD34 + cells isolated from seropositive patients [84] and from cultured CD34 + cells infected in vitro [81] [82] [83] 85] . The HCMV genomes carried in CD34 + cells show a condensed (A) Upon HCMV fusion and content delivery to the infected cell, the tegument protein pp71 binds to and induces the degradation of Daxx (1). This de-represses the viral MIEP and promotes the expression of the IE genes (2). IE1 disrupts the remaining PML-NB proteins by preventing/disrupting the SUMOylation status of PML, and possibly Sp100, further increasing IE gene expression (3). Both IE1 and IE2 negate the effect of HDACs by binding to and sequestering them away from viral promoters (4). Finally, the IE proteins can recruit BTM and TFs to early and late viral promoters to activate their respective genes (5). (B) Upon HSV-1 fusion and content delivery to the infected cells, the tegument protein VP16 binds to the cellular Oct1 and HCF proteins and targets to the viral IE promoter, where it displaces cellular H (1), and activates viral gene expression by recruiting the BTM (2). ICP0 has multiple functions to activate subsequent viral gene expression, including dissociating HDAC complexes (3) and inducing the degradation of PML and Sp100 (4). ICP4 promotes the expression of early and late viral genes by recruiting BTM to targeted promoters (5). BTM: Basal transcriptional machinery; E/L: Early/late; H: Histones; HCF: Host-cell factor; HCMV: Human cytomegalovirus; HDAC: Histone deacetylase; HSV: Herpes simplex virus; IE: Immediate-early; MIEP: Major immediate-early promoter; PML: Promyelocytic leukemia; PML-NB: PML-nuclear body; TF: Transcription factor. future science group future science group chromatin structure that is conserved regardless of whether they are naturally infected or infected in vitro [83, 84] . A similar chromatin structure is also observed on viral genomes when HCMV infects NT2 and THP-1 cells in vitro, two model systems that are used to study quiescent HCMV infections [86] [87] [88] . Infections in NT2 and THP-1 cells are referred to as quiescent (or latent like) because treatments that can reactivate expression from the silenced viral genomes in these cells (if they exist)
have not yet been identified [89] [90] [91] [92] . Additionally, in lytically-infected fibroblasts prior to pp71-mediated degradation of Daxx, HCMV genomes adopt a chromatin structure indistinguishable from that observed in CD34 + and NT2 cells [45] . The analysis of HCMV genomes during latent and quiescent infections, and at the very start of lytic infections indicated that their chromatin structure is indistinguishable by chromatin immunoprecipitation (ChIP) assays, perhaps indicating that similar mechanisms may be used to silence HCMV IE gene expression in all cell types. The mechanism by which the repressive chromatin structure is established on latent viral genomes in CD34 + cells has yet to be analyzed, but it is now evident that PML-NB proteins and HDACs contribute to this process at the start of lytic and quiescent HCMV infections. Chemical HDAC inhibitors permit IE gene expression in NT2 and THP-1 cells [87, 90, 92, 93] , indicating that HDACs play a role in transcriptional repression during HCMV quiescence. A study from our laboratory found that the knockdown of Daxx prior to HCMV infection also permits IE gene expression in NT2 and THP-1 cells [92] . Artificial knockdown of Daxx is not required for HCMV IE gene expression upon lytic infection of fibroblasts (as it is in quiescent infections of NT2 and THP-1 cells) because tegument-delivered pp71 migrates to the nucleus, binds to Daxx and induces its degradation in these cells [2, 4] . Daxx is not degraded upon HCMV infection of NT2 and THP-1 cells because tegument-delivered pp71 is trapped in the cytoplasm [92] . Interestingly, pp71 proteins that are newly synthesized in NT2 and THP-1 cells localize to the nucleus, degrade Daxx and permit IE gene expression upon HCMV infection. In the absence of Daxx, these cells that would normally establish a quiescent infection initiate a productive, lytic replication program, but the replication cycle cannot be completed in [108] HHV-6 IE1 PML-NB ? [109] Adenovirus E4 ORF3 PML Reorganizes PML-NB [110, 111] HPV E6 PML ↓ PML IV senescence [112] E7 PML ↓ PML IV senescence [113] L2 Sp100/Daxx Reorganizes PML-NB [114] HFV Tas PML ↓ Tas transactivation [115] ASV Integrase Daxx ↓ viral gene expression [116, 117] VSV ? PML PML overexpression, ↓ viral replication [118] Influenza A ? PML PML overexpression, ↓ viral replication [118] HDV L-HDAg PML-NB Reorganizes PML-NB [119] RSV ? PML/Sp100 Cytoplasmic redistribution [120] PUUV N protein Daxx ? [121] Dengue C protein Daxx Sensitization to apoptosis [122] HCV Core protein PML ↓ PML IV-induced apoptosis [123] Phage ΦC31 Integrase Daxx ↓ recombination [124] www.futuremedicine.com these cells, and so an abortive infection is observed [92] . These experiments not only show that the PML-NB intrinsic defense mediated by Daxx operates in quiescent HCMV infections, but also that it must be active to prevent an abortive infection that may result in the immune detection and clearance of the virus. A subsequent report [94] showed that Daxx knockdown did not rescue viral IE gene expression in a subclone of NT2 cells termed D1, and concluded that additional transcriptional repressors combined with the absence of transcriptional activators resulted in the silencing of IE gene expression during viral quiescence. Noteworthy differences between that study and ours [92] include our additional analysis of THP-1 cells, our controls for viral entry and our rescue of IE gene expression with an HDAC inhibitor. Different methods to deliver the siRNA (lipid-based transfection reagent [94] vs nonlipid based transfection or retroviral transduction [92] ) were also used. Additionally, different viral strains were employed. Obviously, more work will be needed to define the roles of the PML-NB proteins during quiescent infection, and more importantly during true latent HCMV infections, as well as the potential contribution of positively-acting transcription factors perhaps only expressed in differentiated cells.
The contribution of PML-NBs to the establishment of HSV-1 latency has not been examined in neurons, the in vivo reservoir for latent infections. However, using quiescent viral genomes, which lack functional VP16, ICP0 and ICP4, the role of PML-NBs during quiescence in fibroblasts has been investigated [23] . These three viral proteins are the principal viral transcriptional transactivators necessary for the initiation of lytic viral replication. Infection of fibroblasts with the quiescent virus leads to the assembly of new PML-NBs around the infecting viral genome, which last for many days postinfection [23] . In the absence of PML, Sp100 and Daxx initially co-localize with the viral genome, but do not remain associated with it for extended periods of time postinfection [23] . A caveat of the HSV-1 quiescence experiments as a model for the establishment of latency is the absence of three functional viral transactivators, especially VP16, which stimulates IE gene expression through a mechanism that may not be related to PML-NB proteins. Interestingly, VP16 nuclear localization is dependent, in part, on the cellular protein host-cell factor (HCF), which is found in the cytoplasm of cells where latency is established [95, 96] , but can localize to the nucleus during reactivation. This suggests that tegument-delivered VP16 may also have cytoplasmic localization during the establishment of latency. A putative cytoplasmic protein localization due to sequestration by HCF may also explain why newlyexpressed VP16 failed to prevent the establishment of latency in murine trigeminal ganglia [97] . Thus, it may be a common theme that tegument transactivators for both HSV-1 and HCMV are excluded from the nucleus in cells where latent infections are established; but further confirmation using cell systems that represent the true site of viral latency is required.
In addition to the establishment of latency, PML-NB proteins may play a role in maintaining the quiescent state of latent genomes. The exogenous expression of ICP0 or pp71 can activate gene expression from quiescent HSV-1 genomes [98] [99] [100] [101] . Furthermore, latently-infected cells express antisense transcripts that may affect the expression of ICP0 [102] [103] [104] [105] or pp71 [106] , implying that repressing the expression of these proteins may be important for the maintenance of the latent state. For HSV-1, chromatin remodeling to achieve or maintain viral genome silencing also seems to occur through additional processes independent of PML-NB proteins [107] .
Conclusion
All available evidence indicates that PML-NB proteins associate with HSV-1 and HCMV genomes at the very beginning of both lytic and quiescent infections, and implies that this association is also likely to occur at the start of latent infections. For HCMV, it is clear that the associated PML-NB proteins repress viral lytic gene expression at the start of a lytic infection through the action of HDACs, and that this silencing is eventually inactivated by the viral pp71 and IE1 proteins. Quiescent HCMV infections may also require the presence of Daxx to prevent the initiation of an abortive lytic replication program in these cells. Extending these results, one may predict that Daxx, and likely PML, may be responsible for silencing latent viral genomes as well. Thus, it seems possible that HCMV uses an intrinsic immune defense as one means to silence its genome and allow for the establishment of a latent infection.
The role of PML-NB proteins during HSV-1 infection is less clear. The initial activation of IE gene expression by VP16 may be independent of PML-NB proteins. However, the amplification of IE transcripts and the expression of early genes seem to rely, in part, on the ability of ICP0 to Future Virol. (2008) 3(3) future science group future science group negate the inhibitory effects of PML-NB proteins. While PML-NB proteins clearly associate with quiescent viral genomes, they do not appear to be absolutely required to maintain that quiescence. Thus, PML-NB proteins might be predicted to play a more limited role in HSV-1 latency than in HCMV latency.
While the reliance of these viruses on PML-NB proteins for transcriptional silencing during latency may be quite different, the general mechanisms by which their tegument transactivators are prevented from initiating lytic gene expression may be similar. During a quiescent infection, HCMV tegument-delivered pp71 remains in the cytoplasm. VP16 localizes to the nucleus by binding to HCF, and data suggests that HCF remains in the cytoplasm of cells where latency is established, suggesting that VP16 may also remain in the cytoplasm. Therefore, differential localization may be a similar theme, even though VP16 activates HSV-1 promoters while pp71 derepresses HCMV promoters. The different ways in which VP16 and pp71 facilitate the initiation of viral IE gene expression may be related to the cell types in which these two viruses establish latency, and to the promoters that drive expression of their IE genes. Perhaps neurons (HSV-1) are less transcriptionally active than CD34 + cells (HCMV), and, almost certainly, HSV-1 IE promoters have a lower basal expression level than the HCMV major IE promoter. Thus, when HSV-1 latency is established, the initial activation of relatively weak viral IE promoters (a process that PML-NB proteins may not be required for) must be inhibited (perhaps by sequestering tegument-delivered VP16 in the cytoplasm). Conversely, when HCMV latency is established, the repression of the strong IE promoters (a process that PML-NB proteins are known to be involved in) need only be maintained (perhaps by sequestering tegument-delivered pp71 in the cytoplasm). In conjunction with the PML-NB proteins, the differing milieu of transcriptional regulators present in the cell types where lytic or latent infections occur also likely contributes to the different viral gene expression patterns observed in these different types of infections.
Future perspective
Our understanding of PML-NB proteins and their relation to viral infection has evolved rapidly in recent years. A bevy of recent evidence demonstrates the negative influence PML-NB proteins have on herpesviral lytic gene expression and replication. These proteins seem to have more potent effects on HCMV than on HSV-1. A model is starting to emerge for a seemingly positive role of PML-NB proteins in the repression of viral gene expression during the establishment of latency. Clearly, PML-NBs and their associated proteins can affect the chromatin status of HCMV by recruiting chromatin modifiers in cells where productive infection occurs. Whether PML-NB proteins also influence the chromatin status of repressed latent genomes or whether they are necessary for the maintenance of a repressed state requires further examination. Determining the impact that PML-NB proteins have on herpesviral latency will advance our understanding of this process, which is critical for the lifelong infection of the host. Thus, this promises to be an area of intense focus for future research. In order to effectively address this topic, it will be necessary to use model systems that represent true sites of latency and to use clinical viral isolates in lieu of high-passage laboratory-adapted strains. Additionally, as more than one PML-NB protein affects lytic viral replication and potentially the establishment of latency, methods to simultaneously inactivate multiple PML-NB proteins will enhance our understanding of how these subnuclear sites affect both lytic and latent infections. Determining the sites where PML-NB proteins interact with the viral genome is also essential. This information could allow for the construction of mutant viruses immune to PML-NB proteins. Such mutants would provide yet another way to test the contribution of these proteins not only during latency, but also during lytic infection. Finally, the evolutionary implications of herpesviruses potential reliance on PML-NB proteins to repress their genomes during latency should be considered. In a cruel twist of fate, the pressures on cells to protect themselves from viral infections may have ultimately led to the ability of viruses to persist for the life of the host, avoiding immune clearance and causing little or no overt pathology, through the evolution of a latent stage of infection that can be subsequently reactivated to promote viral spread to new hosts. 
Executive summary

Introduction
• Cells constitutively express proteins that have antiviral properties.
• Such intrinsic immunity conferred by these proteins represents one of the first lines of defense against infecting viral pathogens.
• Promyelocytic leukemia-nuclear body (PML-NB) proteins mediate a cellular intrinsic immune defense against herpesviruses.
• Herpesviruses have dsDNA genomes and two different infectious cycles (lytic and latent).
• Lytic (productive) replication allows for viral spread and latency (nonproductive) for lifelong persistence.
• Viral immediate-early (IE) gene expression commits the virus to the lytic replication cycle, and therefore must be repressed when latency is established.
Shortly after they enter the nucleus, herpesviral genomes are found in association with PML-NBs
• Three major PML-NB proteins are PML, Sp100 and Daxx.
• PML, Sp100 and Daxx are constitutively expressed but also interferon inducible.
• The genomes of herpes simplex virus (HSV)-1 and human cytomegalovirus (HCMV), as well as other DNA viruses, are found adjacent to PML-NBs.
• One study showed that only HCMV genomes adjacent to PML-NBs produced transcripts.
• HSV-1 and HCMV IE proteins disrupt PML-NBs and inactivate PML-NB proteins.
• Reorganized PML-NBs assemble around infecting viral genomes.
• Different sets of circumstantial evidence point to a positive or negative role for PML-NBs during herpesviral infections.
Several proteins that localize to PML-NBs repress the transcription of herpesvirus lytic phase genes & inhibit their productive replication cycles
• Overexpression and knockdown studies reveal that PML-NB proteins inhibit HSV-1 and HCMV lytic replication by repressing viral gene expression.
• The structure of the PML-NB is likely less important for the antiviral defense than the activities of the individual proteins that reside there.
• HCMV escapes the PML-NB defense by pp71-mediated degradation of Daxx, leading to the expression of IE1, which further disrupts the remaining PML-NB structure.
• HSV-1 escapes the PML-NB intrinsic defense through the degradation of PML and Sp100 by the viral ICP0 protein.
• There are many similarities but also important differences in how HSV-1 and HCMV initiate lytic gene expression, the classes of viral genes silenced by PML-NB proteins and the mechanisms employed by the viruses to escape the repressive effects of the PML-NB proteins.
While they inhibit lytic replication, do PML-NB proteins facilitate herpesviral latency?
• Unless inactivated, PML-NB proteins inhibit viral lytic gene expression, reminiscent of that which occurs at the start of a latent infection.
• HCMV establishes a chromatin structure during natural latent infection of CD34 + cells that is indistinguishable from one formed in quiescent or latent-like infections in NT2 and THP-1 cells.
• Daxx silences HCMV gene expression to establish quiescence and is not degraded because of the mislocalization of tegumentdelivered pp71.
• Although HCMV lytic gene expression initiates in the absence of Daxx in NT2 cells, the replication cycle is not completed and an abortive infection results.
• Quiescent HSV-1 genomes become surrounded by PML-NB proteins and remain associated with them for multiple days postinfection.
• Gene expression can be activated from quiescent HSV-1 genomes by ectopic-expression of ICP0 or pp71.
Conclusion
• PML-NB proteins in conjunction with histone deacetylases repress HCMV gene expression. They are inactivated by pp71 and IE1 to initiate a lytic infection, but remain functional during quiescent, and possibly latent, infections.
• PML-NB proteins appear to play an important, but less prominent, role during HSV-1 infection.
• Sequestering virion-delivered transactivators in the cytoplasm may be a common theme for HCMV and HSV-1 to inhibit viral lytic gene expression when latency is established.
Future perspective
• PML-NB proteins affect lytic replication, but their role, if any, during latency requires the study of relevant cells and clinical viral isolates.
• Because multiple PML-NB proteins contribute to viral repression, the ability to downregulate multiple PML-NB proteins simultaneously will further clarify the true contribution of these structures.
• Determining where and how PML-NB proteins exert their effect on viral DNA will allow for viral mutants to be constructed, providing another tool to examine the repressive effects of PML-NBs on viral gene expression. 
